Inside the small slot the velocity distribution was found to depart from the law of the wall and the normal Reynolds stresses, '' uu and '' vv, were found to dominate the mixing process. Velocity time-traces extracted at locations as far as y/p = 1.125 inside the gap evidenced the presence of large eddies travelling inside the small channel. It was shown that periodic streamwise boundary conditions can be applied to this problem, and good results were obtained by using a channel length that was approximately twice the wavelength of the experimentally observed coherent structures.
applied hot wire anemometry to measure the Reynolds stresses and to determine the origin and characteristics of large eddies in a matrix of 4 rod bundles with P/D ratio ranging from 1.007 up to 1.224. Regions with relatively higher axial turbulence intensity were found at about 25° from the gap between the rods and 35° from gap between the rods and channel walls. Furthermore, Möller (1991) concluded that the large vortices originated from instantaneous gradients formed on each side of the gap. A number of years later Guellouz and Tavoularis (2000 a) , in their experimental work in a channel containing a single rod, showed that large scale structures are arranged in the form of a vortex street on either side of the gap.
A series of single channels containing lateral slots and twin channels connected by a narrow gap were experimentally studied by Meyer and Rehme (1994, 1995) . The main dimensionless geometrical parameters were the depth and the width of the slot, p and d, respectively. The investigations were performed for several p/d-ratio ranging from 1.00 to 8.28. The amount of turbulent kinetic energy and the intensity of Reynolds stresses generated near the gap were higher than anywhere else in the channel. The kinetic energy was found to be three times stronger than in a square channel. The normal Reynolds stresses were found to be highly anisotropic, implying that URANS models would not be able to accurately describe turbulence in these channels.
The large-scale structures appearing near the gap were also investigated by the authors of both papers. They concluded that large-scale flow oscillation exists for, p/d > 2.
Years later, Goulart and co-workers Möller, 2007 and Goulart et al., 2013) published the outcomes of their experimental research on 10 rectangular closed compound channels showing that the flow inside the channels is prone to the instability due to the inflexional velocity profile. The authors also concluded that the flow is quite similar to a spatial mixing layer formed between the slower fluid (inside the gap) and the faster fluid from main channel. One year later Choueiri and Tavoularis (2014) attributed the "gap vortex street" formation in an eccentric annular channel to the instability of two mixing layers on both sides the gap.
Various numerical codes have been used to investigate the flow in compound channels, mostly in the last decade. Unsteady simulations have been carried out in twin channels by Home et al. (2009) , Home and Lightstone (2014) and Derksen (2010) , in channels with a single rod by Chang and Tavoularis (2005 , 2008 ), while Mezari et al. (2008 studied flow in a tight-lattice fuel bundle. All these works aimed to qualify and quantify the turbulent flow phenomenology, in some cases by employing various turbulence models.
The thorough work carried out by Chang and Tavoularis (2012) was aimed at understanding the onset of flow gap instabilities in a channel containing a single rod, using the results published in Guellouz and Tavoularis (2000a) as a benchmark. The numerical study was performed using several turbulence models, various inlet conditions (developed and non-developed velocity profiles, as well as transient inflow).
Despite the fact that LES produced the most accurate results, URANS also appeared to be suitable to predict turbulent flow characteristics in compound channels. However, the hybrid models (SAS and IDDES) were found to predict an earlier onset of gap instabilities. Chang and Tavoularis (2012) also identified the presence of a mixing layer in the equidistant plane between the bottom channel and the rod. They concluded that it is acceptable to use URANS to calculate flow in tightly packed rod bundles, and that a uniform inflow velocity is preferable over fully-developed profiles. Also, inlet/outlet boundary conditions should be applied rather than streamwise periodic boundary conditions. The present work is aimed to investigate numerically the structure of the turbulent flow in a rectangular channel with a lateral slot.
Mean average quantities distributions and the dynamics of the large scale structures, such as the main frequency, Strouhal number, wavelength and the convection velocity were studied in detail. The numerical calculations were carried out using the ANSYS ® CFX package using a hybrid (LES/RANS) turbulence modelling approach. The Reynolds number, based on the bulk velocity, U b , the hydraulic-diameter, D h and the kinetic viscosity was Re = 2.25  10 5 . To minimise computational costs we decided to apply periodic boundary conditions in the streamwise direction, thereby shortening significantly the domain in comparison with the experimental work performed by Meyer and Rehme (1994) . Experimental results of the dynamics of the turbulent flow, which were published in 1994 by Meyer and co-worker, were used for comparison.
-COMPUTATIONAL DOMAIN AND MESH
As illustrated in Fig. 1 (c) the computational domain that was used to carry out the simulation consists of a single main channel with a small subchannel or slot. The main channel is connected to the subchannel by a narrow gap of width d = 10 mm, whereas the depth of the slot is given by p = 77 mm. The dimensions of the main channel are shown in Fig. 4 (b) , where H = 180 mm is the height. The cross-section of the channel matches the one studied by Meyer and Rehme (1994) . However, the original length of the channel of 7000 mm was significantly shortened to 730 mm in this computation. The mesh was built in blocks that allow a discretization of the domain with hexahedral volumes. Such a strategy of building a mesh is appropriate for applying periodic boundary conditions as the inlet/outlet surfaces can be perfectly matched.
Special care was taken with the mesh near the walls inside the small subchannel and at the interface between the main and the small subchannel. Near the subchannel's walls we applied a mesh refinement in order to obtain a y + of about 5. To capture the gradient of the velocity and the strong spanwise velocity at the interface between both channels, the same mesh refinement was applied to the bottom wall of the small channel. During the time-dependent simulation the time step was kept at t = 3.35 × 10 -5 s, which was small enough to ensure a maximum Courant number lower than one. The total simulation time was about 37 flow-through times. The statistical quantities were averaged over the last 0.85 seconds, corresponding to 25.40 flow-through times, after making sure that the turbulence was stationary. To obtain proper initial conditions, the results of a simulation using inlet-outlet boundaries combined with the k- SST model were used. The inlet condition was prescribed using the data provided by Meyer and Rehme (1994) . The turbulent intensity at the inlet (not provided by Meyer and Rehme) was set to 5%.
The simulation was carried out using the backward Euler scheme for time discretization. A Bounded Central Difference Scheme was employed to solve the advective terms in all equations. A second-order central difference was applied in the LES region (away from the walls), whereas in the URANS region (at the walls) we applied a second-order upwind.
At the walls, the automatic wall treatment feature of CFX was used (Menter et al. 2003) . Near the walls this feature automatically shifts from the standard low-Re formulation to wall functions, based on the grid spacing of the near-wall cells.
3-GOVERNING EQUATIONS

-Mass and Momentum Conservation
In this paper we are modelling turbulence by using the DES-SST hybrid model. This model is designed to switch to a Large Eddy Simulation (LES) wherever possible and otherwise use the k- SST -URANS model. In the present simulation LES is likely to be employed in the free stream while the SST -URANS model is likely to be used near the walls. The basic formulation of the incompressible continuity and Navier Stokes equations are
Where  ij represents the Reynolds stress tensor. The overbar has a different meaning in the LES and SST-URANS formulations. In the URANS regions the overbar represents a time averaged quantity. In this region the Reynolds stress tensor is calculated based on a turbulent viscosity,  t , as proposed by Boussinesq,
which relates the Reynolds stresses to the mean rate of shear tensor. The kinetic energy is calculated using a transport equation.
In the LES regions the overbar in eq. (2) indicates that the velocity component has been filtered in space (the grid size). Here, the Reynolds stress tensor is computed by splitting it into two different parts, the resolved and unresolved part. The resolved part can be calculated directly from the resolved part of the fluctuating flow while the effect of the unresolved fluctuations on the main flow is modelled using an eddy-viscosity model.
For higher wavenumbers the filter is larger than the turbulent structures and the socalled Sub Grid Scales -SGS -need to be computed. The SGS are the unsolved part of the turbulence in the LES model. In that part of the spectrum the turbulent motion is thought to be isotropic (anisotropy is basically located in the small wave numbers), therefore a simple isotropic model is assumed to be applicable. The unresolved scales are modelled using
where ij S is the filtered shear stress tensor, given by 1 2
-Detached Eddy Simulation (DES) based on k- SST model
As mentioned before, the turbulence effects were modelled using a DES model based on a SST -RANS model. This DES model was proposed by Strelets (2001) and the idea behind it is to switch between LES and URANS through blending functions, taking into account the grid size,  max and the turbulent length scale, L T . According to Menter
In this formulation  is the maximum edge size of the computational cell domain and L T is computed from the kinetic energy and the specific dissipation , as follows 33 22
This length scale is found in the k-transport equation and is part of the destruction term of k. The specific destruction term, D can be written as,
Using eq (7) to eq. (9), it is possible to rewrite the specific destruction of k and obtain
After some manipulation it is then straightforward to get
The term in brackets, called F DES , is used to pre-multiply the dissipation term in the kequation. When F DES is larger than one the rate of destruction of the kinetic energy increases. This, in turn, leads to a decrease in eddy viscosity in the momentum equation inducing the flow to become unsteady.
Menter (2012) 
In the present computations, F SST was set to zero so that the original formulation of
Strelets (2001) was recovered. The constant C DES was set to 0.61.
-AVERAGE QUANTITIES
-Mean axial velocity
Isolines of the streamwise velocity are shown in Fig. 2 . Data were gathered 30 mm upstream of the outlet and made non-dimensional by using the bulk velocity, U bulk . All quantities were averaged over a time of t = 25.40t c , where t c is the convective time, obtained by dividing the length of the channel by the bulk velocity. The isolines distribution is quite similar to the one obtained in twin channels connected by a gap. The bulging of the isolines towards the edges is very well pronounced and likely to be caused by the presence of secondary flows at the edges. This effect is strongest at the edges of the wall that is opposite to the gap.
Near the gap, a strong velocity gradient is found and the isoline distribution significantly differs from the opposite wall. While the isolines run almost parallel along the opposite wall, near the slot a significant local bending in the isolines towards the centre of the main channel can be seen. This bending is due to the presence of a strong spanwise velocity component emerging from the slot.
The minor lack of symmetry with respect to the (here horizontal) y-axis is due to the To assess if the designed mesh is able to switch from RANS mode (near wall) and LES mode away from the walls the contour map of DES blending function is shown in Fig. 3 (b). It is possible to see that near the walls the RANS mode prevails (1 indicates second order upwind scheme) whereas, far from the walls the central difference scheme
indicates the LES region (0 indicates central difference scheme). At the bottom wall of the slot central difference scheme starts to operate from y+ near to 150.
-Kinetic Energy and Reynold Stress Distribution
In Fig. 4 (a) , ( The highest values of these quantities were found to be located near the gap. The uu + and ww + peak values were found at the corner of the gap whereas the vv + peak value was located in the middle plane of the channel. The peak values for uu + and vv + were both found to be about 11.96, while ww + was found to be only half the uu + and vv + values, with ww + peak reaching a value of 6.0. The turbulent kinetic energy distribution, k + , very much resembles the distribution of uu+, with peaks in the gap vicinity, the corners and the middle plane of the channel. The peak of k + was found to be 11.50.
Compared to Meyers' results for twin channels (Meyer and Rehme, 1994) , k + and ww + were found to be increased by 25%, while the difference in uu + was only 3%.
Unfortunately, the authors did not provide these quantities for a more detailed Qualitatively, however, they seem to be in fair agreement with Meyer's results, with the exception of the results obtained deeper inside the slot. There, the contours were found to differ due to the slot's bottom wall. Inside the main channel the contours are quite similar to the ones found in square channels. The isolines of the kinetic energy are seen to bulge towards the corners indicating secondary flows at these locations.
From Fig. 4 (a) , (b) and (c) it is important to note the anisotropy of normal Reynolds stresses, especially inside the slot. Due to the small width of the slot, the mixing rate normal to the upper and lower walls of the slot tends to be reduced in comparison with streamwise and spanwise mixing rates. It is worth mentioning that the streamwise and spanwise normal Reynolds stress components account for more than 90 % of the total kinetic energy inside the small subchannel, decreasing to 65 % at the middle of the main channel. This fact implies that the flow and the turbulence inside the slot are predominantly two-dimensional. In fact, the distribution of the total turbulent averaged quantities -i.e k + , uu + , vv + , wv + -along the symmetry line in Fig. 5 (a) shows that the z-normal Reynolds stress ww + is much smaller than uu + and vv +. .
In Fig.5 This quantity departs from zero at y/p = 0.11, reaches its maximum value where the slot and main channel meet and then decreases again to zero at y/p = 1.80, where the axial velocity is maximum. The other two quantities, uw + = '' uw/u*² and vw + = '' vw /u*², show very small peaks on the symmetry line, as high as 0.18 and 0.11, respectively. On the other hand, at the corners of the gap, two peaks of both quantities were found, one being positive and the other one negative. For both quantities the peaks are about  3.05. Positive and negative peaks of these quantities at the corners of the gap of the twin channels were previously reported by Meyer and Rehme (1994) .
-STRUCTURE OF TURBULENT FLOW IN THE CHANNEL
-Quasi-periodic Patterns
One of the most remarkable features of the turbulent flow in open or closed compound channels is the quasi-periodic patterns of velocity. Such behaviour has been very well known for at least 40 years and has led to a significant research activity since then. Over the years, the main target was to build a picture of the turbulent flow inside the channel by using time-traces of the velocities and assessing the main frequency, the convection velocity, wavelengths and the mixing rates yielded by the flow patterns. It can be seen that both time-trace components show the existence of quasi-periodic patterns in the region ranging from deep inside the slot towards the main channel.
However, the time-traces can be seen to quickly lose their sinusoidal structure as soon as the probes leave the slot and enter the main channel. This characteristic is in fair agreement with the experimental work of Goulart et al. (2013) . The plots are labeled by the relative depth y/p of the probe in the slot. Both figures 6 and 10 follow the same sequence of probe locations. Cross correlations were also performed using both velocity components with one probe fixed at the edge (y/p = 1) and the other free to move in and out of the small subchannel.
The cross correlation functions were assigned using the distance between both probes and the depth of the small channel, y/p. These non-dimensional coordinates are (+) inside the main channel and (-) in the small subchannel. Note that the fixed probe is located at y/p = 0. Both components are advanced in time inside the gap. For the spanwise component the time shift is found to be virtually negligible. On the other hand, for the u-velocity component the time shift increases with distance between points, resulting in a maximum phase shift of /3. This result differs from the one obtained for twin-channels connected by a gap or tight-lattice fuel bundle. There, a phase shift of 180° was found supporting the model proposed by Möller (1991) that there are two arrays of counterrotating vortices on each side of the gap.
From this, we can conclude that there is only one array of large vortices present in the slot and the model proposed by Möller (1991) does not fit this single channel-slot interface case. The bottom wall of the small subchannel avoids the formation of a second mixing layer that would result in a second array of counter rotating vortices emerging. This result seems to support our main idea that these large scale structures arise from the main flow instability that is characterized by an inflexional velocity profile.
To give a more complete picture of turbulent flow structures we also performed spatial correlations along the main axis of the channel. The idea behind this calculation is to assess the axial wavelength, , and compare it to the result provided by Meyer and Rehme (1995) . Figure 11 shows cross-correlation functions for both components. The time-traces were gathered at the gap region (y/p= 1). The wavelength can again be assessed by determining how far the velocity fluctuations signals are correlated.
The wavelength associated to the vortex formation was calculated to be 360 mm, corresponding to /p = 4.67. This result is in fair agreement with Meyer and Rehme's measurement, Fig. 11 (b) . Despite some scattering of the data the authors found a nondimensional wavelength /p = 4.50 for this kind of channel (the authors used d/g as dimensionless parameter of the small slot, d being the deepness and g the width). non-dimensional wavelength plotted against p/d-ratio (Meyer and Rehme, 1995) . c) large vortices traveling downstream and Q-criterion (at t = 21 flow-through times).
The iso-contours of the Q-criterion, proposed by Hunt et al.(1988) , are also displayed in Fig. 11 (c) , being given by
The value is positive when the vorticity magnitude surpasses the magnitude of the shear strain rate, identifying the locations where vorticity dominates shear. In Fig. 11 
-CONCLUDING REMARKS
In this paper, we simulated turbulent isothermal flow in a periodic channel connected to a rectangular slot by using ANSYS ® CFX. Hybrid model called DES-SST was used to account for turbulence effects. This model switches between URANS and LES, whichever is more appropriate. The main goal of our simulation was to provide quantitative data on the turbulence characteristics in a single channel with a lateral slot.
The results are compared to results provided by Meyer and Rehme (1994) 
(MR).
Despite MR focusing mainly on twin channels, they also provided some results from the dynamic of the flow for single channels.
Turbulent statistical quantities such as the turbulent kinetic energy, k + and the normal Reynolds stresses were found to reach their maximum values in the vicinity of the slot.
These quantities were 25% higher in comparison with the twin channels results of
Meyer and Rehme, with the exception of the normal Reynolds stress, uu + , which was found to be only 3% larger than the experimental data in twin channels. The small width of the slot was found to force the flow inside it to be virtually two-dimensional as can be seen by the significant contribution of the streamwise and spanwise components of the normal Reynolds stresses to the total amount of kinetic energy.
In regard to the structure of the turbulent flow, large eddies were seen to dominate in the small slot. Because of these vortices, the time-traces of the velocity in the slot were found to exhibit clear sinusoidal patterns These patterns were also found to extend slightly into the main channel, up to about y/p = 1.125. Qualitatively, the simulation results were found to be in fair agreement with the few results published for this kind of channel by Meyer and Rehme (1994) . The frequency and the wavelength of the large scale structures were successfully reproduced. The convection velocity of the large vortices was slightly overpredicted by a factor of less than 10% in comparison with experimental values. The spatial velocity correlations and the Q-criterion visualization made it possible to verify the applicability of the model proposed by Möller (1991) for the flow in twin channels connected by a gap. It was found that this model is not valid for the flow in a single channel with a gap.
The strategy of performing the calculations using periodic boundary conditions in the streamwise direction made it possible to significantly shorten the channel length of the original problem: from 7000 mm to 730 mm. We found that, counter to the conclusion of Chang and Tavoularis (2012) , periodic boundaries can be successfully used to simulate compound channel flows provided that the length of the computational domain is sufficient to accommodate the important streamwise structures. The quantitative results appeared not to be affected by the proposed technique.
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-NOMENCLATURE
